Millisecond pulsars are neutron stars that are thought to have been spun-up by mass accretion from a stellar companion 1 . It is not known whether there is a natural brake for this process, or if it continues until the centrifugal breakup limit is reached at submillisecond periods. Many neutron stars that are accreting mass from a companion star exhibit thermonuclear X-ray bursts that last tens of seconds, caused by unstable nuclear burning on their surfaces 2 . Millisecond-period brightness oscillations during bursts from ten neutron stars (as distinct from other rapid X-ray variability that is also observed 3,4 ) are thought to measure the stellar spin 2,5 , but direct proof of a rotational origin has been lacking. Here we report the detection of burst oscillations at the known spin frequency of an accreting millisecond pulsar, and we show that these oscillations always have the same rotational phase. This firmly establishes burst oscillations as nuclear-powered pulsations tracing the spin of accreting neutron stars, corroborating earlier evidence 5,6 . The distribution of spin frequencies of the 11 nuclear-powered pulsars cuts off well below the breakup frequency for most neutron-star models, supporting theoretical predictions that gravitational radiation losses can limit accretion torques in spinning up millisecond pulsars 7-9 .
Millisecond pulsars are neutron stars that are thought to have been spun-up by mass accretion from a stellar companion 1 . It is not known whether there is a natural brake for this process, or if it continues until the centrifugal breakup limit is reached at submillisecond periods. Many neutron stars that are accreting mass from a companion star exhibit thermonuclear X-ray bursts that last tens of seconds, caused by unstable nuclear burning on their surfaces 2 . Millisecond-period brightness oscillations during bursts from ten neutron stars (as distinct from other rapid X-ray variability that is also observed 3, 4 ) are thought to measure the stellar spin 2,5 , but direct proof of a rotational origin has been lacking. Here we report the detection of burst oscillations at the known spin frequency of an accreting millisecond pulsar, and we show that these oscillations always have the same rotational phase. This firmly establishes burst oscillations as nuclear-powered pulsations tracing the spin of accreting neutron stars, corroborating earlier evidence 5, 6 . The distribution of spin frequencies of the 11 nuclear-powered pulsars cuts off well below the breakup frequency for most neutron-star models, supporting theoretical predictions that gravitational radiation losses can limit accretion torques in spinning up millisecond pulsars [7] [8] [9] .
The millisecond oscillations observed during X-ray bursts are not perfectly coherent, but usually drift in frequency by several hertz over the course of a burst, generally reaching an asymptotic maximum frequency that is repeatable in a given neutron star 2 . This frequency drift has been interpreted as arising from angular momentum conservation in a decoupled surface burning layer that expands and contracts during the burst, so that the asymptotic frequency is the stellar spin frequency 10, 11 . A puzzle in this picture is why the oscillation persists late in the burst, well after the nuclear burning has spread over the entire star. Also, in most of these neutron stars, unexplained pairs of kilohertz quasi-periodic oscillations (kHz QPOs) are observed in the non-burst X-ray emission, with the QPO separation frequency approximately equal to either the burst oscillation frequency or half this value 3 , introducing a further puzzle (see ref. 4 for new insight into this problem).
We have observed the transient X-ray source SAX J1808.423658, which has been detected in four outbursts since its discovery (September 1996, April 1998, January 2000 and October 2002), each outburst lasting several weeks. It was previously established that this source is a weakly magnetized (,10 10 G), rapidly rotating (401 Hz), accreting neutron star in a 2-h low-mass X-ray binary [12] [13] [14] .
We observed it during its 2002 X-ray outburst for about 700,000 s between 15 October and 26 November using the Proportional Counter Array (PCA) on the Rossi X-Ray Timing Explorer (RXTE). As in the two previous outbursts observed by RXTE, persistent 401-Hz accretion-powered X-ray pulsations 13 modulated by the 2-h binary orbit 14 were detected throughout our observations, with a fractional r.m.s. amplitude of 3-5%. The pulsar spin frequency derived from these data was approximately 400.97521 Hz at the start of the outburst, with a mean spin-down rate of about 2 £ 10 213 Hz s 21 ; a detailed discussion of the pulsar's spin evolution will be presented elsewhere. Four thermonuclear X-ray bursts were also detected on 15, 17, 18 and 19 October; these are among the brightest X-ray bursts ever observed by RXTE from any neutron star. Previous analysis of observations from the 1996 outburst of SAX J1808.423658 with the BeppoSAX satellite yielded Figure 1 Dynamic power spectra of millisecond oscillations in an X-ray burst on 18 October 2002 from SAX J1808.423658. a, We analysed the 2-60-keV PCA data binned at 122-ms resolution with no energy resolution, with the bin times corrected to the binary centre-of-mass frame. We computed overlapping, oversampled Fourier power spectra of 2-s duration spaced at 0.25-s intervals. The contours show Fourier power levels as a function of frequency and time, and the solid histogram shows the X-ray count rate per proportional counter unit (PCU). The horizontal dotted line shows the (known) pulsar spin frequency. A rapidly drifting oscillation is detected during the burst rise, and a stationary oscillation at nearly the spin frequency is detected in the burst tail. The nth contour level has a single-trial probability of 0.02 n of occurring owing to noise fluctuations. b, A closeup view of the burst rise, computed using power spectra of 0.25-s duration at 0.03125-s intervals. The smooth frequency drift is more clearly apparent here. a marginal detection of a 400^2 Hz oscillation during a bright X-ray burst 15 .
Strong millisecond oscillations around 401 Hz were clearly detected in all four bursts in the October 2002 data, with a fractional r.m.s. amplitude of 3-5% and very similar characteristics in each burst ( Fig. 1 ). First, a rapidly drifting oscillation was detected during the burst rise in the 397-403 Hz range. Second, no oscillations were detected (,1.5% amplitude) during the peak luminosity phase of the burst, when the photosphere is driven away from the star by radiation pressure; this behaviour is also typical of other burst oscillation sources 16 . Finally, a strong oscillation reappeared during the cooling phase of the burst at a constant frequency nearly equal to the pulsar spin frequency, but exceeding it by an average of 6^1 mHz in the three fully sampled bursts. The oscillation amplitudes are comparable to those of the persistent (non-burst) accretion-powered pulsations, even though the burst emission is considerably brighter than the persistent emission, indicating that the burst flux itself must be pulsed. The burst oscillations are sinusoidal in shape, with a 2j upper limit of ,0.5% on the fractional r.m.s. amplitude of an 802-Hz harmonic, compared to a measured mean harmonic amplitude of 0.4% for the persistent pulsations.
The observed frequency drift demonstrates that this is a similar phenomenon to the burst oscillations observed in ten other neutron stars, although the oscillations in this neutron star have some unusual traits. The frequency drift is among the largest observed in any neutron star 17, 18 (Dn < 5 Hz, Dn/n < 1%). Also, the drift timescale is an order of magnitude faster than in the other neutron stars 16 , and the maximum oscillation frequency is reached during the burst rise, inconsistent with angular momentum conservation in a cooling, contracting shell. In fact, the oscillation overshoots the spin frequency during the burst rise. The rapid frequency drift may be an indication that SAX J1808.423658 has a stronger magnetic field than the other neutron stars, as a sufficiently strong field will suppress rotational shearing in the burning layer 11 and may act as a restoring force.
This magnetic field argument is particularly appealing, given that SAX J1808.423658 is the only burst oscillation source (and one of only four neutron stars in low-mass X-ray binaries out of over 70) that shows persistent pulsations in its non-burst emission [19] [20] [21] . The absence of persistent pulsations in most of these neutron stars suggests that they lack a sufficiently strong field for the accretion flow to be magnetically channelled. Indeed, it has been proposed that the absence of persistent millisecond pulsations from most neutron stars in low-mass X-ray binaries is due to diamagnetic screening of the neutron-star magnetic field by freshly accreted material for the typical range of mass accretion rates 22 (Ṁ $ 10 210 M ( yr 21 , where M ( is the solar mass). In this context, we note that all four persistent millisecond X-ray pulsars lie at the low end (Ṁ < 10 211 M ( yr 21 ) of the mean Ṁ distribution for lowmass X-ray binaries. If this explanation is correct, then most burst oscillation sources are unlikely to show persistent pulsations.
We can measure the rotational phase of the oscillations in the burst tails. For each burst, we determined a rotational ephemeris using the persistent (accretion-powered) pulsations in the data for a few thousand seconds before the burst, and compared this to the phase (epoch of maximum intensity) of the oscillation in the burst tail. The burst tail oscillations all had the same rotational phase (within^6%), and were roughly phase-aligned with the non-burst pulsations, leading them by an average of 11% (Fig. 2) . These measurements will help resolve the puzzle of why oscillations persist in the burst tail, when the nuclear burning has presumably enveloped the entire star. The phase locking indicates that the oscillations are associated with the stellar surface, and suggests that the emitting 'hotspot' has a nearly fixed orientation with respect to the pulsar's magnetic axis. The 11% offset is consistent with the phase drift accumulated over the duration of the burst tails owing to the slight (,0.002%) frequency difference of the burst oscillations and the non-burst pulsations, but this requires an initial phase alignment in the burst tail followed by slight motion of the hotspot 23 .
Our observations clearly show that brightness oscillations in the tails of thermonuclear X-ray bursts are a nearly exact tracer of stellar spin, establishing these neutron stars as nuclear-powered pulsars. (Other recent observations show that the kHz QPO frequency separation in this neutron star is half the spin frequency 4 , verifying that the burst oscillation traces the spin and not a harmonic.) This provides a powerful tool for studying the most rapidly rotating neutron stars. It is believed that accretion from a binary companion is required in order to spin-up old neutron stars to millisecond periods 1 . For sustained accretion in the absence of another angular momentum sink, this process is limited only by the neutron-star breakup frequency-which is up to 3 kHz, depending upon the unknown nuclear equation of state 24, 25 . It has been difficult to determine the actual spin distribution of millisecond pulsars, as there have been strong observational selection effects against detecting very short period millisecond radio pulsars, and persistent millisecond X-ray pulsars are rare. However, RXTE has no significant selection effects against detecting burst oscillations at frequencies well above 1 kHz, so the nuclear-powered pulsars are ideal for probing the fast end of the pulsar spin distribution.
The spin frequencies of the 11 nuclear-powered pulsars lie between 270 Hz and 619 Hz, and within that range are marginally consistent with a uniform distribution. However, the absence of spins above 619 Hz is significant. If we make the simple assumption of a uniform spin distribution in the range [n low , n high ], and consider a sample of N pulsars with spin frequencies n j , then a bayesian analysis yields the probability density for n high (within a normalization factor), for n high $ max(n j ), where we have made an a priori allowance for a 0 , n , 3 kHz range. For the 11 observed spins, this yields an upper limit of n high , 760 Hz (95% confidence) on the maximum spin frequency, which is also consistent with the fastest known (641 Hz) millisecond radio pulsar 26 . This is well below the breakup frequency for nearly all models of rapidly rotating neutron stars (except for those that have an extremely stiff equation of state and contain a pion/kaon condensate in the core, and then only for M , 1.5 M ( ) 27 . Some mechanism clearly acts to halt pulsar spinup while accretion is still active.
Steady magnetic accretion torques should drive an accreting pulsar to an equilibrium spin frequency that depends upon Ṁ and the surface dipole magnetic field B. Taking the Ṁ range observed in the nuclear-powered pulsars and the disk-magnetosphere interaction models relevant for weakly magnetic neutron stars 28 , magnetic spin equilibrium can account for the observed spin distribution if all these systems have B < 10 8 G, consistent with the field inferred in SAX J1808.423658 (ref. 28 ) and in the millisecond radio pulsars 29 . However, fields this strong should be dynamically important for the accretion flow, making it difficult to understand the lack of persistent pulsations in the non-burst emission of all the nuclear-powered pulsars besides SAX J1808.423658, and instead suggesting a broader range of field strengths. Alternatively, several authors have shown that gravitational radiation can carry away substantial angular momentum from accreting neutron stars, driven either by the excitation of an r-mode instability in the neutronstar core 7, 9 or by a rotating, accretion-induced crustal quadrupole moment 8 . These losses can balance accretion torques for the relevant ranges of n and Ṁ, and the predicted gravitational radiation strengths are near the detection threshold for planned gravitational wave interferometers, especially in the case where an X-ray timing ephemeris is available 30 The relativistic plasma flows onto neutron stars that are accreting material from stellar companions can be used to probe strongfield gravity as well as the physical conditions in the supranuclear-density interiors of neutron stars. Plasma inhomogeneities orbiting a few kilometres above the stars are observable as X-ray brightness fluctuations on the millisecond dynamical timescale of the flows 1-3 . Two frequencies in the kilohertz range dominate these fluctuations: the twin kilohertz quasi-periodic oscillations (kHz QPOs). Competing models for the origins of these oscillations (based on orbital motions) all predict that they should be related to the stellar spin frequency 4-10 , but tests have been difficult because the spins were not unambiguously known.
Here we report the detection of kHz QPOs from a pulsar whose spin frequency is known. Our measurements establish a clear link between kHz QPOs and stellar spin, but one not predicted by any current model. A new approach to understanding kHz QPOs is now required. We suggest that a resonance between the spin and general relativistic orbital and epicyclic frequencies could provide the observed relation between QPOs and spin. Twin kHz QPOs with frequencies between 300 and 1,300 Hz
